oi jci ir u^j.iHHoHjru^4/ j^ii lue ^ep U lo:^>:Oi 2002 Page 2 of 10 



Sorption-Enhanced Reaction Process for 
Hydrogen Production 

J. R Hnflon, S. Mayorga^ and Sircar 
Products and Chemicals, Inc^ Allcntown, PA 18195 

A novel concept called Sorption Enhanced Reaction Process (SERF) for Ixydrogen 
production by steam-methane reformation (SMR) reaction uses a fixed packed column 
of an admixture of an SMR catalyst and a chemisorhent to remove carbon dioxide 
selectively from the reaction zone. The chemisorhent is periodically regenerated by using 
the principles of pressure swing adsorption lite SERF process stejjs allow direct pro- 
duction of higfi-purity hydrogen (>95 mol %) at high methane to hydrogen conversion 
( > S0%) vAth dilute metliaru* ( <5 mol %) and trace carbon oxide ( ^ 50 ppm) itn- 
purities at the reaction pressure by operating the reactor at a low temperature of 450^G 
A conventiorml plug-flow reactor packed with catalyst alone not only needs to be oper- 
ated at a much hi^er tempemture ( > 650°C) to achieve the same methane to hydro- 
gen conversion, hut produces a rrmch lower purity of Irydrogen product { ^ 75 mol %) 
with a large quantity of carbon oxide ( ^ 20 mol %) impurities, A novel chemisorhent, 
which reversihfy sorbs carbon dioxide in the presence of excess steam at a tempemture of 
300- 500'^C, was deueloped for application in the SERF and the process is experiment 
tally denwnstruted in a bench- scale apparatus. 
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Introduction 

The most common iniiubtriol process for production of hy- 
drogen u!Mx» the eadothcrmic steam-methane reformation 
(SMR) reaction (Lciby, 1994) 



CH^ + H20$CX)+3H2 



(0 



fl is generally carried out in a catalytic (Mi on alumina) reac- 
tor at a pressure of 50-600 psig and a temperature of 
750-900''C. The reactor feed gas is a mixture of steam and 
methane (natural gas) in the ratio of 2^5-6.0. The reactor 
effluent gas t>'pically contains 70-72% Hj, 6-8% CHj, 
8-10% CO, and 10-14% CO^ on a dry basis. This gas is 
cooled in a waste heat boiler (steam produced) and fed to 
another catalytic QFe or Cu on alumina) reactor for the 
exothermic water-gas shift (WGS) reaction (Leiby, 1994) 



CO + HsO^COj+Hj 



(2) 



C!inTeiipomtence ccmceminf rhis Article sltovld be nddresaod to S. Sifou. 



The high temperature WGS reactor is generally operated 
at a temperature of 3<Xr-400°C. Ilie effluent gas from the 
reactor typically contains 71-75% H^, 4-7% CH4, 1-4% CO 
and 15-20% CO2 on a dry basis. The effluent is further 
aioled to a tcmjjcraturc of 20*-50'C (more steam is ^ro^ 
duccd and water is condensed) and fed to a multicolumn 
pressure swing adsorption (PSA) process at a pressure of 
50- 600 psig. The PSA feed gas Is samrated with water. The 
PSA process produces a hydrogen product stream containing 
dry 98-99.999 + % Hj at the feed gas pressure with a 
recovery of 70-90%. llie waste gas from the PSA process 
containing unrecovered Hj and ail of feed H-O. CH^, CO 
and CO2 LS produced at a pressure of 2- 10 psig, and it is 
used as part of the fuel required to supply the heat of the 
endothermic SMR reaction. Natural gas provides the balance: 
of the required fuel. Figure 1 shows a block diagram for the 
above described SMR-WGS-PSA process train for produc- 
tion of pure H2 (Leiby, 1994). 

A multicolunm PSA process containing 4-12 ad^iorption 
beds is generally used (Wagner. 1969; Fuderer and RudcU 
storfer, 1976: Sircar and Kratz., 1988) m conjunction with a 
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Figure 1. Conventional SMR procesd for hydrogen production. 



combination of various PSA process steps (adsorption, cocur- 
rent depressurization. oountcrcurrent depressurization and 
purge, vacuum purge, cocurrenl and countercurrent pressure 
equalization, feed and product prcsauri/jiLiim, and so on). The 
nel recovery from the PSA process and its adsorbent ia- 
veniory depend on many variables like feed gas pressure and 
(Ximposition; design; operating conditions and cycle times of 
the PSA process steps; H ;» jmuluci purity: and so on. In par- 
ticular, the CO and CO2 concentrations of the fee<l gas are 
ailical in detennining the design and efficiency of separation 
of the PSA process becaase hulk CO2 is difficult to desorb 
and dilute CO is difficult to adsorb. 

The heal of reaction is supplied to the SMR rcaaor by 
ctimbusting fresh natural gas and Hj-PSA waste gas. The ra- 
diant thermal efficiency of the SMR reactor is typically 
40-50%. The overall thermal efficiency of the SMR H2 pro- 
duction unit, on the other hand, is about 85%. This is achieved 
by rcaivcting waste heat from the reformer Hue gas ai the 
cost of additional heat-tiaosfer equipment. The excess heat is 
partly reancnud in the form of steam and the excess steam 
(over what is needed for SMR reaction) is often exported 
from the hydrogen production site. 

The high-temperature operation of the SN4R reactor, the 
catalyst deactivation due to coking, the use of high-tempera- 
ture metallurgy for construction of the SMR reactor, the re- 
quirement of large interstage heat recovery systems, and the 
complex design of the multicolumn H2-PSA system signiH- 
cantly raises the capital cost of 112 production. Nevertheless, 
the SMR-WGS-PSA process, described by Figure 1 remains 
the most cost-effective method for production of pure Hj in 
the commercial scale (1-100 MM SCFD Hj). The technology 



has been improved during the last 60 years through numer- 
ous innovations in the areas of natural gas dcsulfurizatioii, 
SMR and WGS catalysis, reactor design, heat supply and re- 
moval systems PSA process design and adsorbents, process 
control, heat generation and management, and so on. It will 
be extremely desirable if newer conccjjLs f(>r production of 
Hj by SMR can be developed which reduce the capital cost 
compared to the conventional rotite. 

In previous publications (Sircar et al., 1995; Carvill el al., 
1996), we dcscribtxl a concept called Sorption Enhanced Re- 
action Process (SKRP) which can yield high conversion of 
reaclanls to products for an equilibriunv-controllca. cn- 
dothcnnic reaction at a mtich lower temperature than would 
be ncccssaiy by a conventional catalytic reactor due to ther- 
modynamic limits. The concept is based on Lc Chaieliers 
principle that (a) the conversion of reactants to pn>diicts and 
(b) the rate of forward reaction in an equilibrium controlled 
reaction can be increased by selectively removing some of the 
reaction products frcim the reaction zone. The SERP uses a 
selective adsorbent (admixture with the catalyst in the reac- 
tor) for selective removal of a reaction product and the ad- 
sorbent is periodically regenerated (absorbed component is 
desorbed) by using the principles of PSA. A specific design of 
the PSA cycle and a specitic method of its operation makes 
the SERP concept very efficient by (a) directly producing the 
desired reaction product at high purity and conversion at re- 
action pressure, (b) permitting the operation of the reactor at 
a much lower temperature (cheaper metallurgy and heat ex- 
change equipment), and (c) drastically reducing or eliminat- 
ing the subsequent product purification requirements 
(cheaper product purifleatton). The concept was demon- 
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straied expehmenUdly for the production of pure CO by re- 
acting CO2 and H2 (rcvcr^ic waler gas shift reaction accord- 
ing to Eq. 2) using a con^mcrcial WGS calal>-si and NaX zee- 
I lie as the adsorbent for sclcclive removal of a reaction prod- 
uct (H2O) from the n: action zone (CarvilJ ct al., 1996). The 
purpose of this artidc is Xa demonstrate the applicability of 
SERF concept for the production of Hn by SMR. 

Steam Methane Reformation 

Both SMR and WCS reactions take place in the SMR re- 
actor. The iheimodynamic equitihnum constants (K) fur these 
reaciious, which are functions of reaction temperature only, 
mav be wrilten as 



iT)' 



p^(yH,)'(yoo) 

(yCH,)(j'Hio) 

(yco)(yH,o) 



(3) 
(4) 



iriquatjons 3 and 4 describe the cqiulibhum relalionships be- 
tween gas- phase mole fractions of cumponcnl i (CH^, CO, 
C02> 1^2^ ^ hatch reactor at a total gas phase 

pressure P and temperature T, They can be rearranged to 
obtain 



[P]"" b^ciP 



Equation 5 sh<Yws that the gas-phase mole fraction can be 
increased by decreasing the corresponding CO2 mole frac- 
tion. Equation 6 shows that the gas-phase CO mole fraction 
decreases as the corresponding CO2 mole fracliim decreases. 
More importantly, these equatioas show that a veiy high con- 
version of CH4 to can be achieved in a SMR reactor even 
at a moderate temperature Qow Kg^i^) if CO2 '^^ removed 
from the reaction zone. At the same Imie, the oo-production 
of CO will be suppressed 

Hgure 2 shows plots of Ksmr ^^<^ ^wos ^ functions of T 
(Twigg, J 989). The equilibrium constants increase and de- 
crease exponentially with increasing T for the SMR and WGS 
reactions^ respectively. The Ogure also shows the batch con- 
version of CH4 to as a function of T for a feed mixture 
containing a HjO/CH^ ratio of 6:1 at a constant reactor 
pressure of 50 psig. The coiwersion decreases drastically as 
the reaction temperature falls below 650^ These conversion 
numbers were calculated hy simultaneously soNiog Eqs. 3 and 
4 with the appropriate mass balance equations for a constant 
pressure and a constant temperature batch reactor system. 

We now examine a constant temperature (7) and constant 
pressure (P) batch SMR reaaor where the CO2 produced by 
reactions 1 and 2 selectively removed from the gas phase 
by adsorption. It can be shown that the equilibrium gas-phase 




Figure 2. Temperature dependence of equilibrium con- 
stants for SMR and WGS reactions, and batch 
conversions of CH^ to for a 6:1 H2O/CH4 
reactor feed at 50 psig (445.8 kPa). 



mole fractions in such a system are given by 

(1+20-/5) ' (l+a)(l + 20-/5) ' 

a-(/3 + 6)(l f a) ( $ - S) 

>'f:r) ' 



^"'^"(l-ha)(l + 20-/5)' (J +2/5 - 

(l-/)6 



(1+2/3-/5) 



(7) 



where a is the molar ratio of feed H2O/CM4 introduced 
inU) the baldi reactor at P and 'i\ p is the moles of CO 
prcKluced by the SMR reaction per mole of the feed gas. S is 
the moles <if CO reacted by the WGS reaction per mole of 
the feed gas, and / is the fraction of CO- produced by the 
WGS reaction that Ls removed from the gas phase by adsorp- 
tion. The variables a, 0, and S are related by the thermody- 
namic equations. 



p2(/3-5)(30+5)^(l+a)^ 



[1+20 -/6rtl- 0(1+ n)][a -(! + a)( 0 + «)1 

(8) 

K (T^ - (l - /)6(30 + />) (! + .) 
Kwos(^) (0^5)[a...(0 + 6)(l+a)] 

ITie moles of formed per mole of CH4 introduced into 
the reactor ( j^) is given by 



;r-(30 + 5)(l + a) 



(10) 



Hquations 8 and 9 can be simultaneously soK'cd for a given 
set of values of jP> T and a in order to calculate 0 and S as 
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functions of /. Then, Eqs. 7 and 10 can be used lo calculare 
equilibrium gas-phase mole fracticms of all cumponenls and 
the CH4 to H > com'crsion ( x/^) in the batch reactor as 
functions of /. 

Figures 3a and 3b show the results of above described cal- 
culations for a « 6:1, P^ SQ psig, and T « 45(f C:. Mgurc 3a 
plots the conversion of CH4 to Hj as a function of In (1 - /). 
and Figure 3b shows the corresponding dependence of gas- 
phase mole fractions (dry basis) as functions of In (1-/). 
The conversion numbers depicted by Figure 2 can be ob- 
tained by setting / - 0 in Eqs. 7 -10. Figure!* 3a and 3b clearly 
demonstrate that (a) very high conversion of CH4 to Hj ( > 
80%) by the SMR-WGS reactions can be achieved at a mtKl- 
erate temperature of 450''C and (b) a gas phase, which has a 
large mole fraction ( > 95%) and which is essentially free 
of carbon oxides ( < 100 ppm) on a dry basis, can he pro- 
duced when 99.9% or more of the COj prcxluced by the re- 
actions Is removed by the adsorbent. The corresponding CH4 
to 11 2 conversion for the case where CO2 is not removed 
from the reaction zone is only 28.0% (Figure 2) and the equi- 
librium gas-phase mole fractions are 52.8% Hj. 33.8% CH4, 
12,9% COj, and 0.34% CO (dry basis). Thas all the key ad- 
vantages of the SCRP concept described earlier can be real- 
ized for producdon of by reacting H2O and CH4 in a 
reactor packed with an admixture of SMR catalyst and a CO^ 
selective adsorbent 

CO2 Adsorbent for H^-SERP 

A key requirement for pracucal utilization of the SERF 
concept for (1 2 producdon by S^4R is the availabihly of an 
adsorbent which can selectively remove CO2 from, the SMR 
reaction zone at moderateljr high temperatures (SOO'-SOO'C) 
in the presence of a large partial pressure of steam. The other 
requirements are that (a) die adsorbent can be regenerated 
uj;ing the principles of YSK (b) the adsoibent exhibits a sub- 
stantial CO2 working capacity between the conditions of the 
adsorption and dcsorpdon steps of SERF, (c) the kinetics of 
ad(dc)$orption of CX>2 is rclath/cly fast, and (d) the material 



is stable in presence of steam and has adequate mechanical 
strength. 

To our best knowledge, there is no commercially produced 
adsorbent that satisfies the above requirements. So, we de- 
veloped a proprietary material which reversibly chemisorbs 
CX)2 in the temperature range of 30O 500'C in the presence 
of excess steam (Anand et ai., 1996; Hufton et al., 1998). The 
material is a potassium carbonate promoted hydrotalcite 
(peiletized form). 

The rcvcfsibic CO2 ad(de)sorption propert>' of the propri- 
etary chcmisorbent is demonstrated by Figure 4. It plots the 
net CO2 working capacity at a temperature of 400°C The 
data are generated by exposing the chemisorbent to a dry gas 
mixture containing COj (70%) and (30%) at a total gas 
pressure of one atmosphere (adsorption) for a period of one 



0.54 • 




o" *^"1io 20 30*^ 40 50 60 70 



c>'cle number 

Rgure 4. Dry CO^ working capacity on chemisorbent 
cycled tietween CO2 partial pressured of 0.7 
and 0.0 aim at 400% as functions of cycle 
number. 
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iK)ur in 3 convcRtioiuU micro balance followed by exposing 
the matenal to pure and di>' N2 at a pressure of one atnNv 
sphere fdcstjrption) For one hour (Anand et al., 1996). The 
dilTcrcncc in the weights of the material under these two 
conditions is defined as the net COj working capacity. This 
ad(de)5orptton process was repeated over many cydes. Fig- 
ure 4 plate the net CO2 woilcmg capacity as a function of the 
cycle numbers. It shows that a stable revenublc CO2 working 
capacity of ^ 0.45 mol/tcg is achieved by the material after 
10 cycles of operation. The CO 2 working capacity decreases 
dun'ng the first 10 c\'cles indicating that a certain portion of 
CO2 is irreversibly chemL^rbed on the matenal. 

The net CO2 working capacity of the material in the prc*s- 
cncc of steam was measured by flowing a gaseous mixture of 
CO2 and H2O (CO2 partial pressure of 03 atm and steam 
partial pressure of 10 atm) at 400*C over the chcmisorbenl 
contained in a small thermostatcd chamber until the effluent 
gas CO2 concentration was equal to that of the feed gas. The 
chemisorhcd CO2 was then desorbcd by flowing diy C02-£ree 
N2 over the sample at 400"C and ambient ^pressure while 
monitoring the effluent gas-flow rate and its CO2 concenlra- 
lior. The net wxsrking COj capacity was estimated by the 
airiount of CO^ desorbcd. This ad(de)sorption Okpcnmenl was 
also carried out over many cycles. Figure 5 shows the results. 
It may be seen that the CO^ working capacity for cheraisorp- 
tion on the material at 400**C in the presence of steam be- 
came practically consianl after 10 Q'cles of exposure to CO2- 
steam mixture indicalimg reversible chemisorptinn. Again, 
the CO2 working capacity decreased during the initial 
}id(de)sor|>iion cycles due to some irreversible ehemisorption. 
A comparison of the data in Figures 4 and 5 shows that the 
net reversible (X); working capacity on the chemisorbent at 
40U"C is not afifccted by the presence of excess steam in the 
gas phase. The crush sirengtlis of the pelletized chemisorbent 
were very similar before and after exposure to steam (Hufion 
et aU 1998). 
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Figure 5. CO2 worWng capacity on chemisorbent cy- 
cled between CO^ partial pressures of 0^ and 
. 0.0 atm in presence of steam (partial pressure 
» 10 atm) at 400*0 as functions of eyicle num- 
ber. 



Sorpton Properties of the Chemisorbent 

We measured the equilibrium isotherm, the kinetics, and 
I he desorptlon characteristics for sorption of dr>' CO^ on the 
chemisorbent at 400^0 using a column apparatus, it consistea 
of a stainless steel column (internal diameter - 1.1 cm; length 
-205.7 cm) padccd with 160 g of the chemisorl^ent (0.16- 
cm-diameter pellets). It was thc^mostated at 4nOX using 
electric heaters. The column was initially filled with pure .Nf 
at atmospheric pressure and 4(X)X\ Preheated CO; + N\ 
mixtures containing different mole fractions of CQ3 were then 
passed through the column at constant flow rates (Q^) at near 
ambient pressures. I'he cfnucni gas-flow rate (C>(/)J and CO . 
concentration (y(f)] were monitored as functions of time 
until complete breakthrough of CO 2 (effluent gas concentra- 
tion is the same as that of feed) ixxuirred. llie CO2 was then 
desorbed by flowing pure Nj through the column at a con 
stanl flow rate (Q*) at near ambient pressure. The effluent 
gas-flow rate [0fy\ and its CO- concentration [>(/)! were 
again monitored as functions of time (f). A continuous in- 
frared CO2 (Beckman) analyzer vva.s u.sed for measurement 
of CO2 concentrations. The void volume in the colunm was 
measured by the conventional helium expansion technique. 
Tne experiments were conducted after repeatedly exposing 
the material to CO2 at AiKfC and then regenerating it by 
purge in order to saturate the column with irreversibly ad- 
sorbed COj. 

The adsorption capacity of the chemisorbent at different 
paitial pressures of CO2 (0 ^ />co, -•^ D at 4<MrC were esti- 
mated by carrying cut matenal balances in conjunction with 
the adsorption breakthrough data (Sircar and Kumar, 1983). 
Figure 6 shows an example of the reversible CO; ehemisorp- 
tion isotherai on the material at 44)IPC. It plots the fractional 
coverage of CO^ ((^) as a function of equilibrium gas-phase 
CO, partial pressure (PcOj)* Th^ fractional coverage is de- 
fined by the ratio of actual amount of CO2 adsorbed to the 
saturation CO2 capacity. These data were measured using one 
batch of the material. The saturation capacity somewhat var- 
ied from batch to batch. 

It may be seen from Figure 6 that the COj isotherm Is 
rather steep in the low COj partial pressure region. The 




Figure 6. Reversible sorption Isotherm of CO2 on 
chemisorbent at 400X. 
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fractioaaJ coverage <»rCX)2 approaches unity whca /^cxj, ^ 
This explains the similanty between the net CO^ worldng.ca- 
pacities of Figures 4 and 5 whkh were measured using p^Q^ 
values of 0.7 and 0.3, respectively. The chemisorption 
is^Mherm of Figure 6 is Type I in shape b>' Brunaucr classifi- 
cation (Young and Crowcll, 1962; Hayward and TrapnelK 
1964), and ii can be described by the Langmuir model «• 
^Pco^A^ ^Pox^i where b is the Langoiuir gas-solid interac- 
tion parameter. The solid line of Figure 6 gwes the best fit of 
the data [h = 39.9 aim * 1 by the model. 

Figure 7 shows an example of COj adsorption break- 
through data on the materiaJ at 4<KrC. It was generated by 
asing a CO3 feed gas mole firacdcn of 0.657 (y"*) at a fe^d 
maij-vflow rate of 3.0 xlO"^ gmol/cm^/s (based on empty 
cross-seetion of column). The figure plots the diraens?onlcss 
effluent gas concentrations [yU)/}^) as functions of dimcn- 
sionlcss times (r/-r**), where is the stoichiometric break- 
through time for local equilibrium case (Sircar and Kumar, 
19S3). It shows Chat the breakthrough curve is ahnost a step 
function at dimcnsionless time of unity which indicates that 
the kinetics of chemisorption of CO^ on the material is very 
fast at 400''C. 

Figure 8 shows an example of the CO 2 desorption profile 
from the chcmisorbcnt (saturated with 65.7% CX>2+343% 
N2 at ambient pressure) by purge with N, at 4O0'"C. The 
inlet ga.s mass-flow rate was 3.0x10"^ gmol/cmV^ It plots 
the fraaion of CO^ desorbed IF - N^xjStV^'^ooA as a func- 
tion of total effluent gas quantity IM^)- loQ(thdt] at any 
time r. The quantity A^co,^'^ I }iQ(^^' yU)dt] is the amount 
of CO2 desofbed from Qie column at time /. hToo^ ^ 
total amount of COj in the column at the start of the 'desorp- 
tion test. These quantities were calculated from the experi- 
mental desorption cfduenl gas profiles. The CO2 desorption 
characteristics exhibited by Figure 8 arc typical for an adsor- 
bate with rcvcrsihie Type I adsorption isotherm (Sircar and 
Golden, 1995). Wc used the isothermal local equilibrium 
model for desorption of a Langmuirian soibate by ptKge 
(Sircar and Ciolden, 1995; Sircar and Kumar, 1985) to dc- 
scribe the data of Figure K using the isotherm of Figure 6. 
The solid line in Figure H shows the results. The excellent fit 
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Figure 7. Column breakthrough charactefistics for CO2 
on chemlsorbent at AOO^ using a feed gas 
containing 65.7% CO, and 34.3% at ambi- 
ent pressure. 
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Figure 8. CO2 desorption characteristics by purge 
for chemlsorbent saturated with 65.7% CO^ 
and 34.3% at ambient pressure and 40D''C. 



of the desorption data by the model indicates that CO> de- 
.sorption by purge from the material is essentially local-equi- 
librium controlled. 

The above results indicate that the proprietary- material ex- 
hibits all of the desirable properties (reversible and substan- 
tial CO2 sorption capacity in presence of steam, fast kinetics, 
desorption of CO^ by pressure reduction and purge with a 
nonadsoit)ing gas) required for use by the SERF concept. 

SERF for Hydrogen Production 

The cyclic steps of the .Sorption Enlianced Reaction Pro- 
cess for production of by SMR are as follows (Cirvill et 
al., 1996): 

(a) Sorption-Reaction Step: Flow mixture of steam and 
methane at a reaction temperature (T,,) and pressure (P^) 
through a tubular catalytic reactor packed with an admixture 
of a CO2 chemisorbent and a SMR catalyst. A hydrogen en- 
riched effluent gas containing primarily and CH4 at pres- 
sure is produced. A part of this effluent gas is withdrawn 
as the H 2 enriched product gas. The step is continued until 
the carbon oxide and methane concentrations oi* the effluent 
gu.s reach a preset level (say 50 ppm and 5%, re.spectiveiy). 

(b) Depnessurizarion Step: The reactor-adsorber is depres- 
surized in a direction countcrcurrent to that of the feed gas 
flow from pressure Pff to a pressure of P/>* A gas mixture 
containing H2O, H2, CO2, C:0 and CH4 (primarily interpar- 
ticle-void gas and .some desorbed CO2) is produced. The 
pressure Pg^ can be atmospheric or subatmosphe tie. 

(c) Purge I Sttp: The reactor-adsorber is then puigcd in a 
direction countcieurrent to that of the feed gas flow at pres- 
sure Pfy with a relatively nonadsorbing as (such as CH4 or 
steam). The effluent gas contains the major part of the de- 
sorbed CO2 from the chemisorbent. 

(d) Puige U Step: The reactor-adsorber is ptugcd in a 
countercurrcnt direction with a part of the enriched ef- 
fluent gas produced during step a. The purge effluent gas 
primarily contains a mixture of H^O, CH4, CO2 and Hj. 

(e) PressurizQtion Step: The reactor adsorber is then re- 
pressurized from to Pn countercurrently with a part of 
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Figure 9. Bench-scale apparatus for testing SERF concept for production. 



the H2 enriched product gas firom step a. The cycle then 
restarts from step a. 

At least two parallel adsorber-reacturs aic needed by SHRP 
to sustain continuous feed and product gas flows. The cycle 
times for the steps of the process are such that when one 
reactor carries out step a, the other reactor goes through steps 
b-c. The reactors are maintained near Isothermal conditions 
at by indirectly supplying heat of reaction and desoiption 
through the reactor walls. 

Bench-Scale Testtng of SERP for Production 

The single reactoi» tx:nch-scalc apparatus descnbed in our 
previous article (Carvill cl al^ 1996) was retrofitted to oper- 
ate SERP for H3 productiim. Figure 9 shows the modified 
apparatus. The slainleAA steel reactor (internal diameter » 3.8 
cm; length = 106.7 cm) was packed with the admixture of 
proprietaiy QO^ chemisorfoent and a commercial SMR cata- 
lyst (1:1 weight ratio). The tota] amount of sorbent + catalyst 
in the reaaor was liS6 1%. The panicle diameters of both the 
sorbent and the cataly^ were 0 J cnL liquid water was 
vaporized and mixed with CH4 to form the SNfR feed gas. N2 
at ambient pressure was used as the purge gas for step c. The 
reactor tcmperacure was maintained at 450 ± l(f C during the 
steps of the process. The analytical tn^ruments used in the 
apparatus are described in Figure 9 and elsewhere (Caivill et 
al., 1996). 

The apparatus was designed to evaluate the performance 
of the individual steps of the SERP in a sequential manner. 
It was not run continuously. 



SERP Column Test Data 

An experiment was carried out according to the previously 
described SERP concept using the apparatjs of Figure 9. The 
feed gas contained a stcamrmethane mixture in the ratio of 
6:1 at a pressure of 55 psig (4803 kPa) (P^) and at a temper* 
aturc of 450*0 (7^^). The feed gas-flow rate was 3.0x 10'^ g 
mol/cmV^ l^c purge gas pressure was 2 psig ( ^ 115.1 
kPa) (Pi)). The reactor was initially pressurized with at 55 
psig (4«IJ kPa) and 45(rC. The quantity of Hj needed for 
pressuiization was 0.11 mol/kg of total material (sort>ent-i- 
catalysl) in the culumii. 

Figure 10 shows the effluent gas characteristics for step (a) 
of SERP for H2 production. It plots the average cumulative 
cfRucnt gas H2 concentration (mol%) on a dry basis as a 
function of net product gas quantity (H. mol/kg of total 
material in column). The plot also shows the average cumula- 
tive concentration of CII4 in the produa Hj. The average 
concentrations of CO and in the product gas are less 
than 50 ppm. The quantity. H is defined as the total amount 
of product H2 minus the amount of H2 used for pressurizing 
the reactor. 

It may be seen from Figure 10 that the sorpiion-reaciion 
step of the SERP concept at 450*C directly prx^duocs a sub- 
stantial quantity of high purity ilj product ( 2: 95 mol%) with 
methane as the bulk impurity ( < 5 mol%) and trace quanti- 
ties of carbon oxides impurities ( < 50 ppm). Obviously, the 
larger the purity of in the product gas, the lower will be 
the H2 product quantity. The conversion of CH4 to for 
any given value of H can be calculated by knowing the corre- 
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Figure 10. Characteristics of H^-enriched product efflu- 
ent gas produced during sorptlon-reactlon 
step of SERF concept 



spending amount of feed CH4 introduced into the reactor. 
The conversion is 82% when the net product is 0.8 mol/kg 
and Ihe product purity 96% ftaiance CH4+ trace 
amounts of CO and CO2). 

Tabic 1 summarizes the performance of SERF concept lor 
the experiment repc^rtcd in this work and aimparcs it with 
the performance of a conventional SMR reactor (without sor- 
bcnt) for H2 production at 45(fC. The same H^iOrCH^ ratio 
of the reactor feed gas and reaction pressure (Pf^) were used 
for calculating the performance of the conventional SMR re- 
actor. It may be seen that the SHRP concept at ASiTfC per- 
mits pnxhiction of a much higher purity product at a 
much larger CH4 to H, conversion than the catalyst alone 
case at the same temperature. In particular, the H2 product 
gas from the SERF concept Is essentially a mixture of 
( > 95 mol%) and CH4 with Irace amounts <ppm) of carbon 
oxides. Tlie conventional SMR process at 45(rC, on the other 
hand, produces an H2 product containing a much lower con- 
centration of Hj. (53 mo\%) and a large quantity (13 mol%) 
of carbon oxide impurities. 'Ilius, the subsequent purification 
of H 2 by a PSA system is much easier and simpler for the 
SERPcase. 

Table 1 also shows thai a reaction temperature of ^ 65ifC 
is required by the catalyst alone case for matting the CH4 
to H2 conversion of the present SERF case. The H2 product 
gas from the corresponding SMR reactor agaui contains a 



muderate concenLralion of (753 mo\%) with a very large 
amount (20 mol%) of carbon oxide impuiilics. 

The above results demcm.strate that the pniposed SERF 
concept can be used to directly produce a purer IT, stream 
with trace amounts of carbon oxide impurities at reaction 
pressure with high conversion of CH4 to H^, while requiring 
a much lower reaction temperature than the conventional 
SMR process. The absence of bulk carbon oxide impurities in 
the H2 product stream by the SHRP concept simplLfics the 
subsequent purification step by ?SA compared to ttiat 
required for the case of conventional SMK route for IK pro- 
duction. For some reCneiy applications which do not require 
veiy high purity H2 gas» the subsequent purification step 
can be completely eliminated by using the SERF concept for 
H2 production. 

Summary 

A Sorption-Enhanced Reaction Process (SERF) concept 
is described that can be used to directly produce high purity 
( > 95 mol%) H, product containing CH4 as the hulk impurity 
( < 5 niol%) and carbon oxides as trace impurities ( - 50 ppm) 
at the reaction pressure by steam methane reformation. The 
process allows high conversion of CH4 to H.^ while operating 
at a much lower reaction temperature than that required by 
the conventional equilibrium controlled, endotheimic SMR 
reactor. Thus, the SERP concept offeiu high potential for cost 
saving compared to the conventional catalytic SMR route of 
H2 production by removing the need for high-tcmpcraturc 
reactor metallurgy and by reducing or eliminating the need 
for subsequent H2 product purification systems. 

The SERP concept uses an admixture of a chemiscrbcnt 
and a SMR catalyst in the reactor. The chemisorbent selec- 
tively removes the undesired reaction product (CO2) of the 
SMR reaction from the reaction zone and thus enhances the 
conversion of CH4 to Hj according to Lc Chatclicr's princi- 
ple. It also dccrca.scs the CO amccntration of the pn^duct 
gas. The chemi.Mirbcnt is periodically regenerated by the 
principles of pressure swing adsoiplion (PSA). Ihe steps of 
the cyclic SERP process arc so designed that only a single 
V unit operation is needed to carry tmt the reaction and the 
majority of the desired product purification. 

A proprietary chemisorbent based on potassium cartxmatc 
promoted hydrotalcite is developed for use in the SERF for 
H2 production. The material reversihly chemisorbs CO2 at a 
temperature of 300-50(rC in the presence of excess steam. 
The chemisorption isotherm of CO2 on the material is Type I 
by Bnmaucr classification. The material provides a substan* 



Table 1. Hyditigco Production by SERP and Convcntioinal SMR Process 



Prudud Furit)' im Diy Basis CH* Convcraion H. Pioductivity 

(niol%) (%) (molAg) 

SERP at 45(PCand 55 psig 96 ftH^ +4^ CH4 < .SOppm (CO-rCO,) «2 0.80 

H20:CH4«6:1 

SMRat45ffCand55psig 53% Hj +34% CH4 + 13%(CO+C02) 28 ~ 

H2a:CH4 -6:1 

SMR at 645''Cand 55 psig 75.5% H. 4-4.4% CH4 +20.1% (CO+CX3:) 82 - 
HjOrCH^ - 6:1 ' 
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lial CO2 :>crption capaccy and il can be regenerated by 
criug ihe superincumbe^^ paniaJ pressure of aver die 
sorbent. l*be kinctks otOd^ chemisorptioo aid Jts desoip- 
horn the material is fa^ 
^e SERF concq>t for 11^ wtsduction by SifR is exped- 
mer^jy demonstrated using aI^^d^ltxtlue of tie propiietaiy 
^cmisorbcnt and a commcitial SMR aiabfst et a tem- 
peraturv^f 45(rC and a pressure of 55 psig «a3 kPa). The 
reactor ds^^jy produced a 95-rmo!% pureH^ stream con- 
Wtning 3 ^ -0 pp^^ ^j^jj 

inipunttes ua^ ^ j;^^ containing stear and methane in 
tHe ^^^Pj^l^^^^l^ CH4 to Hj conversiofwas 82%. A con- 
vc^tioaahSMR r^^, 45(rf under equivalent 

' str^m coiv. 

OrV ^' and 13% cton oxides witb a 

oom-ersio^ of only 28%. A temperature of 
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